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In this work, the many-spin interactions taking place inMlarge-spin clusters are extensively studied
using the 8-spin model Hamiltonian, for which we determine the possible parameters based on experimental
data. Account of the many-spin excitations satisfactorily explains positions of the neutron scattering peaks,
results of EPR measurements, and the temperature dependence of magnetic susceptibility. In particular, strong
Dzyaloshinsky-Morya interactions are found to be important for description of neutron scattering data.
[S0163-182609)09809-4

INTRODUCTION properties of Mn, is greatly hampered by the lack of an
gdequate description of these clusters. Indeed, the description
gf Mn,, as a single spis=10 entity has been the starting
point in most work devoted to this subject. We know of only

a few theoretical attempts to account for the internal spin

In the past years, a new kind of magnetic compounds, th
magnetic molecules, has been drawing the attention of phys
cists as well as chemistsSuch molecules each contain a

large numbettypically, 10 to 20 of paramagnetic ion&such ¢, e of the clustér**hut even in these the relativistic

as Mn, Fe or Chicoupled by exchange mtgractlons. E""Chanisotropic interactions have not been taken into account. In
mo_lecule, therefqre, pres_ents a mesoscopic syster_n that Wew of recent experiment&18showing that the single-spin
neither totally microscopic, nor totally macroscopic, butmqgel is seriously deficient, it is worthwhile reconsidering
where micro- and macroscopic behavior coexist. These Mgy many-spin aspects of Mn
terials are promising for various practical applicatiér@n In this paper we focus on the many-spin interactions in
the other hand, the coexistence of quantum and classical bg/mlz clusters. We account for not only isotropic exchange
havior in the clusters makes them very suitable objects fonteractions between ions in the cluster, but also various an-
study of macroscopic quantum effects in spin syst&fns. isotropic interactions possibly present in MnBased on the
These studies, clarifying many problems of quantum theoryesults, we propose a spin Hamiltonian for these clusters. We
of measurementsare also important for development of a show that this Hamiltonian can reproduce satisfactorily most
physical basis for practical implementation of powerful algo-recent experimental results, such as positions of neutron scat-
rithms of quantum computations, quantum cryptography, antering peaks, high-frequency EPR data, and the experimental
quantum searching. dependence of the magnetic susceptibility on temperature.
Particularly, the Mg,0O;,(CH;COO)4(H,0), molecules We note that the account of anisotropic interactions, espe-
(below referred to as Mp) recently became a subject of cially the Dzyaloshinsky-Morya interactiomhich has been
great interest. Each molectfecontains a cluster of twelve missing up to nowy is crucial for a detailed description of
manganese ions surrounded by acetate radicals and watke experimental data.
molecules. The ground state of the clusters corresponds to a The paper is organized as follows. In Sec. | we describe
large total spinS=10. The clusters possess a strong easythe basic model of Mp used in this work and establish
axis anisotropy: the zero-field splitting between the statesoughly its domain of validity. In Sec. Il we derive and dis-
with S,= =10 andS,= £9 (whereS, is the value ofz pro-  cuss the spin Hamiltonian for this model. Section Ill is de-
jection of the total cluster spins 14.4 K. Being stacked into voted to discussion of relevant experimental data. In Sec. IV
a crystal, the molecules form a tetragonal lattice; in so doinghe numerical procedure used for calculations is discussed
the magnetic interactions between different clusters are vergind the possible parameters of the spin Hamiltonian are pre-
small (of order of 1072 T). Thus, the crystal consisting of sented. Comparison with experimental data is made. The re-
these molecules can be considered as an assembly of ideallts obtained are analyzed qualitatively and discussed in
noninteracting superparamagnetic entities, each being identsec. V, where the interpretation of the neutron scattering

cal to the others. data is presented. A summary is provided in Sec. VI.
These clusters have been successfully used for the study
of mesoscopic quantum effects. In particular, resonant mag- I. THE DIMERIZED 8-SPIN MODEL OF Mn 4,

netization tunneling has been unambigously registered in ex-

periments on Mp,.%1° There are other experimental  The cluster Mp,, schematically shown in Fig. 1, consists

result$?!® supporting the hypothesis of tunneling in Mn of eight M®" ions having the spin 2 and four Mh ions

below 2 K. having the spin 3/2. The ions are coupled by exchange inter-
However, the progress in understanding the physicafctions, indicated in Fig. 1 by different lines connecting the
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FIG. 2. A schematic plot of the 8-spin system representing the

Y ¢

FIG. 1. Schematic plot of the Mg cluster. Small black circles

represent Mfi* ions; large white circles represent Rions. Dif- ; . :
ferent types of lines connecting the iofsolid, dashed, dotted, and Mnaz cluster. White large circles represent large spiés 2), and
dark small squares represent small dimer spgisX/2).

dash-dottefdcorrespond to different types of exchange interactions
(J1, o, J3, andJ,).
order correction to the energy of the lewels of the order of

ions. The values of the exchange integrals are not known, bt /(Eex— E,), WhereJ’ is the magnitude of exchange in-
estimates are given in Ref. 8;=—150 cm ! (AFM ex-  teractions between dimers and nondimerized spies be-
change, J,=J;=—60 cm !, and|J,|<30 cmil. These low). Thus, accounting for the first-order corrections, the dis-
values are rough, but describe correctly the scale of exchandance between the ground state and the leMeécomes
interactions in Mn,. Recent experiments 8 show that the
excitations with spin value§<10 are rather close to the
ground state: the distance is 40—60(¥alues differ in dif- E,=Ea+C.J 1 Ee—E,) —1EL],
ferent reports This is less than the energy of some states
with the spin S=10 (namely, the statesS,=0,+1,*+2,
+3), i.e., the lower states of the manifol#=9 are lower whereC, is a factor of order of unity, depending on the
than the higher states of the manifaf=10. Thus, an ad- specific levela. As will be shown below]’ is of order of
equate description of Mashould account for the excitations 70 cm !; so the first-order correction for the levels with en-
with §<10; i.e., the cluster should be considered as a manyergies about 70 cit is already considerable, of order of
spin system. 4 cm . This estimate, though being rough, gives the cor-

The total number of spin states in Mris large even for  rect order of magnitude of the error introduced by the dimer-
modern computers. But we can employ the fact that the eXzed 8-spin model.
change antiferromagnetic interactiods (see Fig. 1 are Moreover, this error restricts the region of temperatures
much Iarger than a'L the othefsso corresponding pairs of \yhere the dimerized model can be successfully applied. For
ions Mr*" and Mrf* form dimers with the total spirs example, as our calculations show, to obtain the correct

=1/2 (one of this pairs is designated in Fig. 1, it includes, 5| e of the magnetic suscebtibility at the temperatur@
ions C and D). This model has already been successfully g ptibiy P i

d for d o t spin stat f the cluéHt id we need to account for the levels with energies about
used for description of spin states of the clu svalld- 4 g Obviously, the error in positions of these levels will
ity is proven by megagauss-field experimetttthe states of

dimers with the spirs higher than 1/Zexcitations of dimers introduce corresponding error in the dependeg(e). Its

come into play when the external magnetic field is about 4Oémalytical evaluation is difficult, and the comparison of the
T, ie., the excitations of dimers have energy abou{eSUItS of calculations with the experimental data, performed

370 cnl. Analogously, the dependence of the magnetic'n Sec. IV is the better way to understand the temperature

susceptibility of the cluster versus temperafdréshows that domain of validity of the dimerized model. As our results

the dimer excitations contribute when temperature become¥0W, the dimerized model gives reasonable results for tem-
as high as 150-200 K. peratures lower than about 50 K.

Based on these data, we can analyze the domain of valig- Recalling that the temperatures below 30 K are of most
ity of the “dimerized” model. To do this, we note that the interest, we conclude that the dimerized model is satisfactory
exchange interactiord,, Js, andJ, mix the ground state of O Present needs of experimentalists.

a dimer with the dimer excitations, and the approximation of
spin-1/2 dimers corresponds to the zeroth order perturbation

theory with 10, as an expansion parametésimilar ap- Il. THE SPIN HAMILTONIAN OF Mn
proach has been used in Ref)15
To clarify this point, let us consider the levehaving, to Thus, we consider the Mg cluster as consisting of four

the zeroth order, the enerdy, with respect to the ground ‘“small” dimer spins s=1/2 and four “large” spinsS=2
state. Let us denote the distance between the ground staieorresponding to the four nondimerized ions W,
and the excitation of dimer aB.,~370 cm. The first- coupled by exchange interactiofsee Fig. 2 Moreover, we
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have to account for the anisotropic relativistic interactions in=1/2 are excluded sincer(()zz(ay)zz(az)zz 1 for Pauli
the cluster, so the Hamiltonian of the system can be writtematriceso,, oy, ando,; and only spins of nondimerized

as Mn3* ions give a nontrivial contribution. These ions are sur-
rounded by eight oxygen ions forming a distorted octahe-

2 dron. The axes of oxygen octahedra are significantly tilted

HZ_J(Z S) —J <k2’,> S+ Hrel, @ from the c axis of the cluster, therefore, this term can be

. ) ] relatively large, even comparable to the easy-axis anisotropy.
where 5 are the spin operators of small dimer spiss Byt surprisingly, our results show that this kind of interac-
=1/2, § are spin operators of large spiss=2, andH tion gives negligible effect, except for trivial renormalization
denotes the part of the Hamiltonian .descri_bing relat!visticof the easy-axis anisotropy constafs in Eq. (3a). If we
interactions in the cluster. Summation in Ed)) is over pairs  account for this renormalization, the positions and the wave
of spins coupled by exchange interactions. In the first term ofynctions of excited levels remain almost unaffected even for
the Hamiltonian we took into account that each small dimerKl:3KZ (i.e., for the in-plane anisotropy three times larger
spin is_coupled with all the other small spins, S&%5  than the easy-axis oneThus, this kind of interaction can be
=(Z5)? up to an insufficient additive constant. excluded from further considerations.

To zeroth order inJ;, the exchange integrals of the  another important interaction is Dzyaloshinsky-Morya
dimerized models are connected with the initial eXChangQDM) antisymmetric exchange_ To our knowledge, the pos-
parametersl,, Js, andJ, as follows: sible presence of DM interactions in Mnwas first sug-

, gested in Ref. 18, but little attention has been paid until now.
J==002, J'=-J3+2],. 2) Our results show that these interactions are, indeed, very

Since the values of,, J;, andJ, are not known, the pa- important and have rather large magnitude. _
rameters] and J’ are to be determined from experimental A pair of ions coupled by DM interaction is described by
data(see Sec. IV the Hamiltonian

Furthermore, different types of relativistic anisotropic _
magnetic interactions possibly present in Mrclusters Hou=D-[S XS], ®)
should be included in the Hamiltonian. A large easy-axisand the magnitude of the DM vectbrcan be estimated &s
anisotropy in the cluster is one of most important features t@ ~\A, whereA is the isotropic(nonrelativisti¢ exchange
be taken into account. Generally, this anisotropy arises dueoupling between ions and is the spin-orbit coupling con-
to the single-site anisotropy of large spitspins of Mt stant(which is rather small for transition iong~or compari-
iong and various kinds of anisotropic exchange. We person, the magnitude of easy-axis anisotropy is estimated as
formed calculations for three basic types of easy-axis anisoK,~\2A, i.e., is of next order of smallness in comparison
ropy in the cluster: with D. Thus, the DM interactions in Mp can be expected

to be important.

4 1 .
In the 8-spin model of the cluster there are DM interac-
1__ 2
M= —Ke 2, (87 (33 tions of two kinds:
Hpow=2, D'J.[§XS 6

Hrzelz_‘]zz(z'> SiZSjZ, (3b) DM 020 [s J] (60

i

Hpm= Dy [sXs]. 6b

HR= =222, SIS, (39 ou=2 2 D’ [§%s] (6

(i.j)

Summation in Eq.(6a is over exchange-coupled pairs of
spins; summation in Ed6b) is over all pairs of dimer spins,
since all dimer spins interact with each other. We studied
%oth kinds of DM interaction and found that the second kind,
*’.e., H%,M involving small spins can be neglected. Therefore,
we can neglect the interactions of the ty(i).

where summations in Eq$§3b) and(3c) are over exchange-
coupled pairs of spins. Anisotropy parametels ( J,, or
J7,) have been chosen to give a correct value of the zer
field splitting between the statés= =10 andS,= =9 (14.4
K). All three types of anisotropy give rather close energies o
low-lying excitations(of energy less than 40)Kbut higher . ) . .
excit)f;ti(?ns are reproduced k?gst if the anisotropy is gz]issumed The crystal f'e.ld in Mg,, governing the DMllntera_ctlons, .
to be of single-site typé3a), so we can conclude that the possesses certain symmetry elements, thus imposing restric-

easy-axis anisotropy is primarily of single-site type. This re-ions on_the values oD™. It is reason.able(_and rather
sult agrees with the conclusion drawn in Ref. 21. We Wi”standaraz) to assume that the crystal f|¢|d IS determlngd
consider only this kind of anisotropy mainly by the oxygen octahedra surrounding manganese ions

Another potentially important sort of relativistic interac- in the cluster; so the symmetry of the crystal field is gov-
tion is an in-plane anisotropy of large spins, iB.e can erned by t_he mutual arrangement of the oxygen octahedra.
include a contribution of the form: T The following two symmetry elements are of interest for us.
' The first one is the fourth-order rotary-reflection &fipar-

HA = K[ (SX)2+ (S)2+ (SX)2+(S))2], 4 allel to thec axis of the cluster. This symmetry is obviously
o= Kal ()7 (%)™ (55)7+ ()] @ preserved in the 8-spin model of the cluster, so the two DM

where the presence of fourth-order symmetry axis in thevectorsD'® and D (see Fig. 2 define all the otheD'" .
cluster is directly taken into account. The small sp;s The other element of symmetry is the mirror plgnparallel
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to thez axis passing through the ioiandD (see Fig. L H=aS2+BS%+ y(St +8), 9)
The oxygen octahedra surrounding the idnasndB (see Fig.
1) are invariant with a good degree of accur¥cwith re-
spect to reflection in the plane (inspection of the structure a=-056 K, B=-11.08<10"% K,
data supplied in Refs. 7 and 8 shows thikis symmetry is
also preserved in the 8-spin model. Thus, the ve&bf
(Fig. 2) defines all the other DM vectors in the Hamiltonian y=2.88<107° K,
(6a):
whereS,, S., andS_ denote the operators of the total spin
Dy%=—Dy°=D}°=—-D;%=-D}°=D}'=-Dy'=Dy®,  of the cluster. It means, in terms of a many-spin approach,
(7 that the energies of the low-lying levels with spi= 10
obey Eq.(9). It is worth noting that the derived values of
Dy%=D;%= —D3°=—D;%= D= —-D}'=Dy'=Dy?, quartic correctiong3 and y are rather large and, as our cal-
(7b) culations show(see beloy, seem to be poorly explained
using the single-spin description of Wi i.e., when ac-
D18=-D1®=D2%=—p25=p35=—p3'=D3’=—D38.  counting only for the states belonging to te 10 manifold.
(70 Our results show that the excited levels wik: 10 are nec-
i i . essary to give reasonable values for the quartic corrections.
Obviously, any other vectoD™’ can be taken as a basis — Apgther set of results, very useful for elucidating the
instead ofD™". No other symmetry elements allow for fur- 0y <hin interactions in MgAc, is the neutron scattering
ther reduction, so DM in;eracitgons In l}{gware described  oqits supplied in Ref. 16. The experiments have been per-
using three parameter;”, Dy”, andD;". Below, these formed at very low temperaturdsostly, 1.5 K to 2.5 K,
parameters are denoted simply@g, Dy, andD,. where only the lowest levelS,= + 10 are populated. Since
As our results show, in the DM Hamiltoniaf6a) the e selection rule for neutron scatteringds,=0,= 1, only
terms proportional toD, produces negligible matrix ele- the |evels withS,= =9 can give rise to scattering pealtse
ments (a few percent in comparison with other tepm#t levels with S,= + 11 have too large energisand can be
occurs due to symmetry reasons: the inspection of the relaéxcluded.
tions (7a)—(7¢) shows that the componeris, andD, trans- Results of these experiments can be summarized as fol-
form antisymmetrically with respect to reflection in the plane|q,s. A prominent peak of spin origin at about 0.3 THz has
p, but the componerid, transforms symmetrically. The ma- peen detected and attributed to the transitions to the levels
trix elements of the terms proportional B, nearly cancel \yjth S=10,5,= +9, in excellent agreement with all previous
each other, leading to negligible matrix elements. Thereforedata(o_g THz corresponds to about 14.4. Kt higher ener-
these terms are excluded from consideration and w®get gies, two sets of peaks have been detected around 1.2 THz
=0 with negligible error. and 2.0 THz. The fitting proposed in Ref. 16 gives two peaks
Fina”y, haVing studied all the interactions describedin the first Set(at energies about 57 K and 6@ Knd three
above, we can write down the Hamiltonian of the cluster i”peaks in the second st energies 90 K, 96 K, and 105K
the following form: but authors indicate clearly that possibly more peaks are
4 present(most likely, three peaks in the first set and four or
2z 22 five in the second Another interesting detail of the neutron
H=-J Z s —J %3 SS - Kz; (S) scattering spectra is a very broad mode situated at about 0.2
’ THz; this mode disappears when the temperature is less than
+S Di[sxS 8 about 2 K.
& [sxS], ® The authors have not managed to interpret these features,
’ N except for the peak at 0.3 THz. They pointed out that there is
where the DM vector®'-! obey the relation$7a)—(7¢c) with particular difficulty in interpretation of the peaks at 1.2—-1.3
the parameteDjBE D,=0. THz: the model they used for susceptibility fitting gives two
degenerate levelS=9 at about 33 K, an obvious contradic-
tion with the neutron scattering spectrum. We show below
that the 8-spin model developed here can overcome these
At present, data of various experiments on magnetic moldifficulties and gives correct positions for neutrons peaks at
ecules Mn,Ac are available, including the temperature de-1.2 THz along with a correct description of the susceptibility
pendence of the effective magnetic moment of the clustedata.
wei(T), 81 the results of EPR experimerfts?® dynamic Thus, we found the following experimental results to be
susceptibility measurement§,inelastic neutron scattering relevant for the purpose of a quantitative description of the
datal® and specific heat datd.Unfortunately, only few of Mny, clusters. The distance between the ground state and the
these data can be used for determining the parameters of tfiest excited levels) is 14.4 K. The energie&he anisotropy
8-spin Hamiltonian for Mg, clusters. splittings of the low-lying levels, belonging to th&=10
Recent high-frequency EPR experiméhtefined the de- manifold, obey formulg9). There are two or three neutron
scription of the easy-axis anisotropy of the cluster andpeaks around 60—70 K, two of them are situated at 57 K and
showed that the anisotropy Hamiltonian in the single-spir66 K. Also, there are up to five peaks around 100 K, three of
model can be approximated as follows: them are at 90 K, 96 K, and 105 K. The temperature depen-

Ill. REVIEW OF RELEVANT EXPERIMENTAL RESULTS
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dence of the susceptibilityor, equivalently, the dependence transitions withAS,=0,+1 can be neglected since there is
ter(T)] has the form displayed in Refs. 7, 8, and 16 andonly one stateS,= 10 and no statesS,=11. In this case, the

Fig. 4. total cross sectioi10) is proportional to the quantity
The other experimental results, though providing impor-
tant information about Mgy, are much less suitable for our
i V=2 (") ay

purposes(to a large extent, because differer, priori

equally probable, interpretations are possible
where the statey has the energ¥e () =E with respect to

IV. NUMERICAL CALCULATIONS AND PARAMETERS the ground state; i.e., the Sta&b is the final state of the
OF THE 8-SPIN MODEL. COMPARISON neutron scattering process and gives rise to a neutron peak at
WITH EXPERIMENT the energyE(y) of the amplitude proportional t&. The

summation in Eq.11) is performed over all basis levels

Having derived the spin Hamiltonian for the 8-spin model having S,=9; these levels are denoted a$9)_ Equation
of Mn;,, we attempted to extract its parameters from the(11) expresses the simple fact that only the transitions with
relevant experimental data. . AS,=—1 are allowed in the neutron scattering process,
~ We used the following two-step numerical scheme. At thesince the transitions with S,=0,+ 1 are absent. Below, the
first step, the relativistic terrhl ¢ has been neglected result- gyantityV is referred to as a normalized cross section for the
ing in an isotropic exchange Hamiltonian. The eigenstates ofvel 4. Our results show thaV discriminates easily the
this Hamiltonian are degenerate with respecSfo Thus, it ejgenstates which can give rise to noticeable neutron scatter-
is sufficient to take into account only the states wit+ 0, ing peaks.
so the exchange Hamiltonidrepresented by a matrix 1286 Furthermore, the values of parameterand 3 describing
X 1286) has been diagonalized within the subspace. ;pgnn@ﬁe easy-axis anisotropy in E@9), have been taken into
by these states. Then, at the second step, the relativistic agccount in determination of the cluster parameters. The en-
ISOtI’OpIC interactions have been taken into account. Amon@rgies of the five lowest |eve|si having Slzﬂn: 10’ have been
the states obtained at the first stévingS,=0), we retain  approximated by a fourth-order polynomial, following Eq.
only those with the energy less thap,, (a sufficiently large  (9), and the coefficientst and 8 have been extracted and
value for this parameter has been chgsand generate the compared to the experimental data.
corresponding states with differefif (basis statés Then the As a result of calculations, the following three sets of the

complete Hamiltoniar8) has been diagonalized within the cluster parameters have been found to provide the best fitting
subspace spanned by the generated basis states. Calculatighgxperimental data:

with different values ofg, have been performed to assure
that the positions of lower levels are obtained with desired Set A:
accuracy. Typical values &, were about 250 K: the levels J=0, J'=105 K, K,=5.69 K,
with higher energies are not worth including due to the lim- D.=—1.2 K. D.=25 K-
ited accuracy of the 8-model itseee Sec.)! z T ’
Based on the procedure described above, the fitting of get -
relevant experimental dat&ec. Il) has been made and the J=238 K. J’=79.2 K. K.=5.72 K
possible parameters of the 8-spin Hamiltonian determined. i ’ o e '
Neutron scattering data are of primary interest for us. We D,=10 K, Dy=22 K|
focus our attention on the positions of the neutron peaks,

since the amplitudes depend strongly on details of the experi- Set C: )
ments. We first assume an ideal experiment, where the reso- J=41.4 K, J'=69 K, K;=5.75 K,
lution of the setup is infinite and the neutrons with all pos- D,=10 K, D,=20 K.

.S'b.le. scattering vectors are detectée., the detector has The positions of neutron peaks calculated for these sets of
infinite aperturg In this case, at zero temperature, the cros

: ; . 16,25 Sparameters are presented in Fig. 3. The graphs show the de-
section of neutron scattering at the enefgis pendence of normalized cross section versus the level en-

B 3 , ) ergy. It is seen from these figures, that the normalized cross
o(BE)= fde qAF (q)g) (62— 0alb/a%) section is extremely smafless than 10?) for most of lev-
' els, and only few states can give rise to noticeable neutron
. scattering peaks. Moreover, to facilitate the analysis of the
X% exdiq(rm—ro)] data for the reader, the positions of neutron peaks are listed
’ in the Table I. The values of the easy-axis anisotropy param-
b etersa and g are listed in the Table II.
X Ew (OIST| ) (¥ISl0)y S(E(¥) —E), (10 As the results show, each of the parameter sets reproduces
reasonably well its own portion of the experimental results.
whereA is a constant(q) is the form factor of manganese All the sets give reasonably good positions of the low-energy
ions, g is a scattering vecton,m enumerate different ions, neutron peaks at 0.3 TH#A4.4 K), 1.19 THz (57 K), and
and a,b refer to the Cartesian coordinates, (y, and z). 1.38 THz(66 K). The parameter set A also gives the values
The integration is performed over all vectas E(y) de-  of anisotropy parameters and 8, rather close to the experi-
notes the energy of the state |0) denotes the ground state, mental ones, but the neutron peaks corresponding to higher
which is the only one populated at zero temperature. Thenergieqaround 2 THz are reproduced poorly. The param-
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Parameter set A: J=0, J'=105 K, Kz=5.69 K,
D=12K,D=25K. N 20

0.4 @

- [ ] n u %
< S 19F
=] 3
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o
< 004 " g uneml smmmsme ! temperature (K)

0 20 4 & 8 100 120 FIG. 4. Temperature dependence of the effective magnetic mo-
ment of the clustej; (in Bohr's magnetons Results of calcula-
tions with the three sets of parameters are shown: the geblid

line), the set B(dashed ling and the set Cdotted ling. Large solid
squares represent experimental data. The results of calculations
with the sets A and B are very close to each other, and the corre-

sponding curves merge on the figure.

(@)

energy (K)

Parameter set B: J=23.8 K, J'=79.2 K, Kl=5.72 K,
D=-10K, D,=22 K.
084 g . .

0.64

. field magnitudeH=1 mT has been chosen following Ref.

16. The resulting Hamiltonian has been diagonalized, and the
component of the cluster spif, along the field has been
calculated by means of quantum-statistical averaging over
the Gibbs canonical ensemble. This routine has been re-
peated several times for different orientations of the field,
and the obtained values 6f, have been averaged. It corre-
sponds to powder sample measurements, when the crystal-
lytes are randomly oriented with respect to the field. The
susceptibility y, following a standard experimental proce-
. . dure, has been calculated as a ratio of the resulting average
cluster spin to the field magnitudé. Finally, the valueu

has been obtained applying H32).

The curvesugy calculated for the three sets of cluster

024 u = .

normalized cross-section

.
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Parameter set C: J=41.4 K, J'=69 K, KZ=5.75 K,
D,=-10K,Dz=20K.
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parameters, are presented in Fig. 4 along with the experimen-
tal data. All the sets give almost coinciding curves, and be-
low 50 K the agreement with experiment is good. The region
of temperatures higher than 50 K cannot be reproduced sat-

isfactorily: as our test calculations showed, to obtain the cor-
(c) rect value of effective moment.¢ at the temperaturé, we
need to account for the levels with energies aboutkd=-5
FIG. 3. Dependence of the normalized cross section vs leveYVhen calculating the curves presented, only the levels with
energy(in K), calculated for the three sets of the cluster parameter€nergies less than 250 K have been taken into account, thus
(A, B, and C; see text The levels producing noticeable neutron restricting the correctly described temperature region.
peaks can be easily discriminated from the others.

T T T T T T
0 20 40 60 80 100 120

energy (K)

V. QUALITATIVE ANALYSIS OF THE RESULTS AND

eter sets B and C give correctly only the order of magnitude INTERPRETATION OF EXPERIMENTAL DATA

of @ and g, but reproduce better the positions of the high- At present, having rather limited number of the relevant
energy neutron peaks. experimental data, it is hard to distinguish between the pa-

Finally, the temperature dependence of the effective magrameter sets A, B, and C. The easy-axis anisotropy param-
netic momentuy; Of the cluster has been calculated for all etersa and 8 are obtained with good precision in EPR ex-
three sets of parameters using the formula periments, but the magnetization measurement8iatmgest

other values for these parameters; so, comparison of the ex-
e T)=~3x(T)-KT, perimental values o& and with our results cannot serve as

wherey is the susceptibility of the clustek,is Boltzmann's

a definitive basis for judgement. Also, the quality of the de-

scription of the high-energy neutron peaks cannot be deci-
constant, and’ is the temperature. The susceptibiligyT) sive, since the disagreement can be attributed to the limited
has been calculated in a way reproducing the experimentaccuracy of the dimerized 8-spin model itself. Megagauss-
procedure. The Zeeman term, describing the effect of an exield experiments? along with careful measurements of the
ternal field has been introduced into the Hamilton@n The  low-energy peaksaround 1.2 THz and fitting of their am-

12
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TABLE I. The positions of neutron peaks: comparison betweenaround 1.2 THz. Among all the interactions we considered
experimental data and calculated results. Calculations have begBee Sec. )| only the DM interaction can lift this degeneracy
made for the three possibl_e sets of the cluster pararr_(e!tefs and  and provide a large splittingabout 9 K, as observed in
C; see text The levels with normalized cross section more thangyneriments. Similarly, according to our calculations, several
0.05 and energy less than 130 K are included in the table. peaks around 2 THz appear only due to DM interactions.

The origin of the peak at 0.3 THz has been completely
explained in Ref. 16: it appears because of easy-axis anisot-
144K 144K 144K 144K ropy splitting the levels with differens,. Our results agree

with this conclusion.

Experiment Set A Set B Set C

Low-energy 57 K 582K 552K 56.7K An interesting feature in the neutron scattering data is the
peaks(1.2 TH2 66 K 66.0K 667K 67.0K broad mode situated at 0.2 THz. No states of this energy
maybe, 674K 679K  have been observed, e.g., in EPR experim&ftg3Our cal-
more 76.6 K 75.7 K culations also show no states with the energy 0.2 Tétz
equivalently, about 10 K In our opinion, this mode is
High-energy 90 K 124.4K 983K 888K caused by an interaction of Myclusters with the dissipative
peaks(2 THz) 96 K 1249 K 1051 K 110.9K environment. Due to this interaction, each level broadens
105 K 126.4 K 1104 K 122.1 K (nonuniform broadening forming a quasiband of finite
maybe, 1271 K 1221 K width 6E (see Refs. 11, 27 for detailsThe value ofSE
more ~2 K can be estimated from the single-crystal hysteresis

measurement®. Transitions between the two quasibands
take place, so, along with the peak at 0.3 TH#.4 K), a
plitudes seems to be a promising strategy for future investiProad mode of interquasiband transitions appears. It happens
gations. when different states in the quasibands are populated, i.e., at
Nevertheless, the results already obtained provide neW® temperatures of order @E~2 K, which agrees with
important information about the role of many-spin interac-€xPeriment. Energies of the interquasiband transitions are re-
tions in Mny, clusters. In this section we focus our attention duced by the value about 2ZE~4 K, so the corresponding
on the qualitative consideration of the results obtained ang€utron scattering mode is situated arouBg=14.4 K
discuss the interpretation of the experimental data. —2:6E~10.4 K, or, equivalently, around 0.2 THz, in
First, it is worthwhile to note that the consideration of 2greement with experiment. At increasing temperatures, the
states with spinS less than 10 leads to rather large quarticoccupancy of quasibands becomes more uniform, so the in-
corrections to the energy of easy-axis anisotropy. If thesé€nsity of the broad mode increases .along W|_th the decrease
excited states are not taken into account, i.e., if only thdn intensity of the peak at 14.4 K. This behavior also agrees

states withS= 10 are included, the value ¢ is of order of with experiment. However, this qualitative explanation can-
1075 K. not be considered as sufficient, and a rigorous quantitative

Another important fact is the large magnitude of thetreatment is necessary. Such a treatment constitutes a sepa-

Dzyaloshinski-Mory&DM) interactions in the cluster Mp. rate physical problem to be investigated in the future.
In our opinion, this can be attributed to the low symmetry of

the cluster. Indeed, the strength of the DM interaction is

governed to a large extent by asymmetry of crystal field act- VI. SUMMARY

ing on the interacting ion& An instructive example is pro- In the present work, we have performed an extensive

vided in Ref. 26: the DM interaction can emerge for |c_JnsStudy of spin excitations in Mg, explicitly accounting for
located at the surface of a magnet, even though these inter- L 7 ;

; I . > its many-spin internal structure. The dimerized 8-spin model
actions are prohibited for ions in the bulk of the magnet. In

. " of the Mny, cluster§ has been used. Along with isotropic
some sense the Mypmolecule possesses “surface” every-

where. and the symmetry of the crvstal field is rather low exchange coupling, various kinds of anisotropic relativistic
' Y Y ystal . interactions have been studied: anisotropic exchange cou-
The presence of the large Dzyaloshinsky-Morya term in _,. . : . ; .

o . . pling between the cluster ions, single-site anisotropies of
the Hamiltonian provides a key to an explanation of the neu: . ; . .
. . easy-axis and in-plane type, and various kinds of
tron scattering data. First, the DM terms lead to the appeals . - o chinsky-Mor ZDM) interactions. Surprisingly, most
ance of the two neutron peaks around 1.2 THz. If these terms Y y Y ' P gy

of these interactions play only a minor role.
are absent, there are two degenerate levels ik 9 As a result, we propose a basic many-spin Hamiltonian

which includes isotropic exchange couplings, single-site

TABLE II. Parametersae and 8 of the easy-axis anisotropy: anjsotropies of easy-axis type, and DM interactions between
comparison between experimental data and calculated results. Cqhe cluster spins. Three possible sets of parameters are deter-

culations have been performed for the three possible sets of thﬁlined from the relevant experimental data. The results of

cluster parameter®h, B, and C; see text our calculations reproduce satisfactorily various experimen-

tal results, such as positions of neutron scattering peaks,

Experiment SetA SetB SetC high-frequency EPR data, and the experimental dependence
a (K) —0.56 -0.63 -0.68 —0.67 of the magnetic susceptibility on temperature. In particular,
B (mK) —-1.11 ~07 —0.45 —0.49 our results suggest rather strong Dzyaloshinsky-Morya inter-

actions are present in the Mcluster.
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